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INTRODUCTION 


Solid  state  extrusion  of  high  molecular  weight  polymers  has  been  shown  to 
Impart  unusual  properties*”^  Among  properties  that  change  in  this  drawing  pro¬ 
cess  are  melting  points,  tensile  modulus,  birefringence  and  crystallite  orien¬ 
tations.  To  investigate  further  this  process,  samples  of  poly(ethylene  oxide) 
(PEO)  have  been  coextruded  and  the  results  reported  here  and  in  part  I6  of  this 
work.  Poly(ethylene  oxide)  was  chosen  because  of  its  simple  linear  structure 
and  its  crystalline  nature.  Moreover,  prior  PEO  drawing  studies  are  few  com¬ 
pared  to  the  exhaustive  reports  on  PE  deformation.  PEO  is  also  of  interest 
because  of  its  differences  in  chain  packing  compared  to  polyethylene  (PE). 
Replacing  every  third  methylene  group  in  a  PE  chain  with  an  oxygen  increases  the 
molecular  weight  of  the  repeat  unit  by  ~  5%,  however,  the  density  of  the  polymer 
is  considerably  higher  (by  some  23%  in  the  crystalline  state). 

The  samples  have  been  studied  using  x-ray  analysis,  dynamical  mechanical 
analysis  (DMA)  and  differential  scanning  calorimetry  (DSC).  The  x-ray  analysis 
consisted  of  determining  the  Herman-Stein  orientation  function  at  different  draw 
ratio  and  the  determination  of  crystallite  size,  also  as  a  function  of  draw 
ratio,  from  line  breadths  for  both  annealed  and  unannealed  samples.  It  was 
intended  that  the  x-ray  analysis  would  elucidate  what  happens  to  the  crystalline 
portion  of  the  polymer  during  the  drawing  process.  By  comparison  of  these 
results  with  measured  birefringence  which  measures  total  orientation,  insight 

could  also  be  gained  as  to  changes  occurring  in  the  amorphous  regions. 
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Dynamic  mechanical  testing  was  also  used  as  a  means  to  examine  the  changes 
taking  place  in  the  amorphous  and  crystalline  regions.  Differential  scanning 
calorimetry  was  used  as  a  method  of  examining  the  effect  of  annealing  on  the 
extrusion  drawn  PEO. 


EXPERIMENTAL 


The  PEO  was  obtained  from  Polyscience  Corp.  and  was  cited  as  having  a  mole¬ 
cular  weight  of  300,000.  This  PEO  was  used  directly  as  received.  Samples  were 
prepared  by  melting  the  PEO  in  a  hot  press  at  110°C  for  ten  minutes  followed  by 
pressing  at  15,000  psi  for  five  min.  Some  samples  were  cooled  slowly  while 
under  pressure,  others  were  cooled  more  quickly,  both  under  pressure  and  at 
atmospheric  pressure.  These  differences  In  cooling  conditions  had  no  noticeable 
influence  on  the  drawing  behavior  nor  on  the  subsequent  PEO  properties.  Strips 
of  PEO  pressed  film  about  6  centimeters  in  length,  3  millimeters  wide  and  2 
millimeters  thick  were  cut  and  used  in  the  initial  extrusion  draw  tests. 

Multiple  coextrusions  were  used  to  obtain  the  higher  draw  ratios.  The  coextru¬ 
sion  process  has  been  detailed  elsewhere*.  It  should  be  noted  that  in  drawing 
these  relatively  thick  samples,  the  most  effective  draw  was  obtained  by  cutting 
the  surrounding  polyethylene  billet  longitudinally,  but  off  axis,  giving  a 
thicker  and  a  thinner  section.  A  channel  was  machined  along  the  length  of  the 
thicker  section  so  that  when  the  sample  was  inserted  it  was  roughly  coaxial  with 
the  assembled  billet. 

X-Ray  Analysis 

Photographs  of  the  diffraction  pattern  were  recorded  on  flat  film  cassets 
in  a  Statton  type  (Warhus)  camera  with  N1  filtered  Cu  radiation.  Azimuthal 
scans  for  orientation  function  calculations  and  two  theta  scan  profiles  were 
obtained  using  a  Siemens  model  D500  wide  angle  automated  diffractometer.  All 


diffractometer  work  was  done  in  transmission  mode  using  Ni  filtered  cu 
radiation.  Beam  divergence  was  minimized  in  line  broadening  measurements  by 
using  Incident  and  receiving  beam  slits  of  0.10°  and  0.018°  respecti vely.  Under 
these  conditions  a  standard  sample  of  carefully  dried  hexamethylene  tetramine 
had  an  integral  breadth  of  0.098°  at  20  =  17.84°. 

The  PEO  peaks  were  recorded  at  every  0.05°  and  peak  heights  of  between  600 
and  900  counts  sec~*  for  the  120  reflection  and  13  to  25  counts  sec-*  for  the 
much  weaker  009  reflection  were  recorded.  Background  in  the  area  of  these  peaks 
were  3-5  counts  sec"*  for  the  120  reflection  and  2-3  counts  sec“*  for  the  009 
reflection.  Counting  times  of  15  secs  per  point  for  the  012  reflection  and  a 


minute  per  point  for  the  009  reflection  were  used. 

The  Rachinger  correction7  was  applied,  but  at  these  angles  was  not  signifi¬ 
cant  for  line  breadth.  Integral  line  breadths  were  calculated  by 


Aeobs 


/ 


I(2e)d2e 


where  Imax  is  the  maximum  peak  intensity.  Since  it  was  assumed  that  both 
crystallite  size  and  distortions  were  contributing  to  the  breadth  of  the  peak 
profiles,  instrument  broadening  effects  were  calculated  assuming  both  Cauchy 
and  Gaussion  profiles.  The  corrections  are,  for  Cauchy  ABcorr  =  A&0bs  - 
ABinstr  and  for  Gaussian  A&corr  =  (AB0bs2  -  ABinst2)^. 

The  mean  crystallite  sizes  were  calculated  for  both  cases  using  Scherrer's 
equation  (8) 

°hkl  * 


KX 

ABCOrrcos0hkl 
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where  K  is  taken  as  1.0  and  x  Is  the  wavelength  of  the  radiation  used. 

Crystallite  orientation  was  determined  using  the  Herman-Stein  orientation 
function9**9 


fc,z  -  l/2(3[cos2  ♦c.z]  -  1) 


where  [cos2  4>c>z]  *s  the  TOan  square  cosign,  averaged  over  all  the  crystallites, 
of  the  angle  between  the  c  crystallographic  axis  and  z,  the  draw  direction. 

Using  the  Wllchinsky  method*!*!2  [cos^  $c>2]  can  be  calculated  from  the  rela¬ 
tionship 


[cos2  4>CfZ]  - 


(2euo2-!)[cosi20,z2*3  “  (2ei202-*)[cosnofZ2$] 

e120z  “  eno2  ~ 


where  [cos2<j>i2o,z]  and  [cos2*no,z]  ar®  determined  experimentally  by  the  rela¬ 
tionship 


ir/2 

rrnc 2^,  xl  =  I*  !(»)S1»  t  COS2fdt 
[cos  hkl,z*J  /V2I(i)sin  *d* 


and  euo  and  ei20  are  direction  cosigns  between  the  plane  normals  of  the  110  and 
120  reflections  respectively  and  a  reference  cordlnate  system.  Details  of  the 
Wllchinsky  method  can  also  be  found  in  an  excellent  treatment  by  Alexander*9. 


Mechanical  Testing 

The  dynamic  mechanical  testing  was  performed  on  a  Rheovibron  Model  DDV-II 
at  a  frequency  of  11  Hz.  The  heating  rate  was  approximately  1°K  min"1.  The 
tensile  testing  was  carried  out  on  an  Instron  universal  testing  machine  using 
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crosshead  speeds  of  0.10  cm  min"*  and  a  1  or  2  Kg  full  scale  range.  Moduli  were 
calculated  at  0.1%  elongation. 

Differential  Scanning  Calorimetry 

DSC  scans  were  developed  using  a  Perkin-Elmer  Model  DSC-2  with  thermal  ana¬ 
lysis  data  station.  Temperature  calibration  was  carried  out  using  benzophenone, 
M.P.  321. 3°K  and  2  ml  naphthalene,  M.P.  353. 3°K.  The  melting  points  of  the  PEO 
samples  were  in  the  range  330  to  345°K.  A  scan  rate  of  5°K  min**1  was  used. 


RESULTS  AND  DISCUSSION 


X-Ray 

The  diffraction  pattern  as  recorded  on  a  wide  angle  photograph  was  similar 
to  that  reported  by  Takaheshi  and  Tadokoro14.  However,  no  traces  of  the  planar 
zigzag  modification  reported  by  Takahashi,  Sumita  and  Tadokoro15  were  observed 
in  either  the  photographs  or  the  diffractometer  scans. 

The  values  of  crystalline  orientation  function  and  birefringence  as  a  func¬ 
tion  of  draw  are  shown  in  Fig.  1.  The  figure  shows  that  birefringence  rises 
more  rapidly  at  lower  draw  ratios  than  does  crystal  orientation.  Between  draw 
ratios  4  and  10  the  crystalline  phase  undergoes  most  of  its  orientation  and  by  a 
draw  ratio  of  12  appears  to  have  levelled  off.  The  birefringence,  in  contrast, 
continues  to  increase,  albeit  more  slowly  even  at  the  highest  draw.  The  initial 
more  rapid  increase  in  the  birefringence,  which  measures  both  crystalline  and 
amorphous  anisotropy,  indicates  that  the  first  orientation  is  the  amorphous 
intercrystalline  regions.  This  is  followed  by  orientation  of  the  crystallites 
at  intermediate  draw.  The  non-crystalline  portions  continue  to  orient  even  at 
higher  draw.  Fig.  2  depicts  this  process. 

X-Ray-Crystallite  Size 

Table  la  and  b  give  values  of  the  crystallite  sizes  as  determined  by  line 
broadening  for  both  the  012  and  009  reflections  and  for  both  annealed  and  unan¬ 
nealed  samples.  The  line  broadening  of  the  012  reflection  gives  an  Indication 
of  the  crystallite  size  in  the  transverse  direction,  while  the  009  reflection 


gives  an  indication  of  crystallite  size  in  the  longitudinal,  ie.  draw  direction. 
Recall  that  paracrystallinlty  in  addition  to  crystalline  size  contributes  to 
line  broadening.  Thus,  the  values  for  crystallite  size  are  considered  to  be  a 
lower  bound. 

In  columns  (F)  and  (G)  of  Table  1,  we  have  listed  the  crystallite  sizes 
obtained  by  averaging  the  values  obtained  assuming  Cauchy  and  Gaussian  line  pro¬ 
files.  Several  trends  are  obvious.  First,  the  size  of  the  crystallites  are 
seen  to  initially  become  smaller  as  the  draw  ratio  is  increased,  reaching  a 
minimum  at  a  ratio  of  11.1  to  20.5,  then  increasing  only  slightly  with  further 
draw.  The  only  anomaly  to  this  trend  is  the  009  reflection  at  a  draw  ratio  of 
11.1  in  the  unannealed  state.  Annealing  of  the  drawn  samples  does  not  change 
this  trend  or  anamoly.  For  both  reflections  and  at  all  tested  draw  ratios, 
there  is  an  increase  in  crystallite  size  with  annealing,  see  Column  h.  Table  1, 
For  the  012  reflection  a  steady  decrease  is  observed  In  the  effect  of  annealing 
at  a  constant  temperature.  The  same  general  trend  is  seen  for  the  009  reflec¬ 
tion  except  that  the  annealing  effect  is  not  as  large  at  low  draw  and  appears  to 
approach  a  constant  draw  ratio  of  11. 

The  general  behavior  exhibited  by  these  crystallite  size  measurements  is 
not  inconsistent  with  observations  of  Kanomato  and  coworkers5  for  coextruded 
polyethylene.  They  observed  the  200,  020  and  002  reflections  show  a  decrease  in 
crystallite  size  reaching  a  minimum  at  draw  ratio  of  ~7.  At  higher  draw  they 
observed  a  marked  Increase  in  crystallite  size  from  the  002  direction.  As  in 

the  present  case  of  PE0,  at  the  highest  draw  they  obtained  a  larger  crystallite 
size  in  the  direction  of  draw  than  initially  present. 
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An  Interesting  difference  from  Kanamoto's  results  is  our  observation  for 
PEO  of  an  increase  in  the  crystallite  size,  as  measured  in  the  012  direction  at 
higher  draw.  This  indicates  that  larger  chain  extensions  are  being  developed  In 
the  transverse  direction.  To  our  knowledge,  this  effect  has  not  been  previously 
reported.  It  may  well  be  that  this  feature  is  produced  here  because  coextrusion 
is  a  process  carried  out  under  compression. 

Our  findings  on  crystallite  size  as  a  function  of  draw  are  consistent  with 
the  chain  extended  model  of  Peterlin1®*^.  The  initial  decrease  in  crystallite 
size  with  draw  is  viewed  as  a  pulling  out  of  chains  and  other  disruptions  of  the 
original  crystallites.  As  extended  chains  are  formed  in  greater  degree  at 
higher  draws,  the  average  crystalline  dimension  in  the  draw  direction  increases. 
The  decrease  in  the  effect  of  annealing  at  higher  draw  is  also  reasonable  in 
that  as  more  of  the  polymer  is  found  in  extended  chains,  the  amount  of 
unconstrained  polymer  is  reduced. 

Dynamic  Mechanical  Analysis 

Fig.  3  shows  the  loss  tangent,  tan  5,  as  a  function  of  temperature  for  PEO 
samples  at  several  draw  ratios,  as  measured  on  a  Rheovibron.  The  undrawn  sample 
shows  two  clear  loss  peaks,  the  first  beginning  at  203°K  with  a  maximum  at 
230°K,  and  the  second  peak  with  a  maximum  at  The  temperature  of  the 

first  peak  is  similar  to  that  reported  as  the  Tg  of  PEO.  Enns  and  Simha*8  and 
Lang,  Noel  and  LeGraund19  (the  latter  citing  the  Boyer's  upper  and  lower  glass 
transition  theory?8)  attribute  this  transition  to  amorphous  chains  restrained  by 
crystallites.  As  the  curves  in  Fig.  3  show,  as  draw  increases,  the  temperature 
at  which  Tg  begins  increases  from  ~203°K  to  ~220°K.  Also  noticeable  is  the 
decrease  in  the  height  of  the  transition  in  its  persistence  to  higher 
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temperatures  .  This  is  consistent  with  a  model  of  amorphous  chains  attached  or 
under  restraint  by  crystallites  becoming  increasingly  ordered  and  restrained  on 
draw.  It  is  noted  that  this  transition  is  not  observed  for  single  crystals  of 
PEO^  further  evidence  that  the  origins  of  this  peak  lie  in  the  amorphous 
regions  of  the  polymer  chain.  It  is  likely  that  the  second  peak  reported  here 
also  corresponds  to  a  crystalline  transition.  Various  authors18>20,22  wh0  have 
reported  transitions  between  -16  and  +24°C  and  invariably  have  assigned  them  to 
crystalline  transitions. 

The  tensile  modulus  of  the  samples  prepared  in  this  study  are  shown  as  a 
function  of  draw  in  Fig.  4.  For  comparison,  consistent  results  obtained  on  a 
higher  moelcular  weight  PEO  are  also  shown.  The  results  with  these  thicker 
samples  are  similar  with  the  thinner  samples  used  in  part  I  of  this  study6.  A 
linear  relationship  is  obtained  for  the  tensile  modulus  as  a  function  of  draw. 

Thermal  Analysis 

Figure  5  shows  DSC  data  on  PEO  at  several  draw  ratios  and  also  after 
annealing  at  332°K  for  70  hrs,  expressed  as  dashed  and  solid  lines  respecti vely. 
We  find  reorganization  qualitatively  similar  to  reports  on  high  modulus  PE,  i.e. 
the  splitting  of  the  thermogram  into  two  peaks  at  a  higher  and  lower  temperature 
than  the  original  peak6»^3.  effect  recorded  for  PEO  differs  in  that  it  is 
persistent  to  a  higher  draw.  Also,  our  annealing  temperature  is  approximately 
13°K  below  the  peak  melting  temperature  which  puts  it  at  the  extreme  edge  of  the 
endotherm  recorded  for  the  unannealed  sample.  The  annealing  temperature  used 
for  PE  was  approximately  5°K  below  the  peak  melting  temperature  and  well  within 
the  melting  peak  envelope. 
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lt  has  been  postulated^  that  the  important  parameters  for  this  effect  are 
the  breadth  of  the  melting  endotherm  and  the  temperature  difference  At  =  Tpeak. 

"  ^Ann.  However,  for  PEO  we  found  the  unannealed  sample  of  draw  ratio  21  to 
melt  0.5°K  above  the  sample  of  draw  ratio  28  and  while  the  draw  dratio  21  PEO 
showed  the  splitting  effect  and  draw  ratio  28  sample  did  not.  We  concur  that 
the  breadth  of  the  melting  endotherm  is  important,  especially  the  breadth  prior 
to  the  peak  temperature.  That  is,  as  the  melting  peak  narrows  this  signifies 
more  of  the  polymer  is  either  incorporated  into  the  extended  crystal  region  or 
is  at  least  constrained  by  the  extended  chain  region.  At  the  highest  draw,  this 
constraint  is  sufficient  to  prevent  significant  reorganization  on  annealing. 
Reorganization  on  annealing  at  a  temperature  on  the  very  edge  of  the  melting 
endotherm  raises  the  possibility  that  the  reorganization  involves  more  than  just 
melting  and  recrystallization. 


CONCLUSIONS 


The  results  on  uniaxial  draw  of  PEO  are  consistent  with  the  formation  of 
chain  extended  crystals  at  higher  draw.  This  conclusion  Is  supported  by  the 

increase  in  crystallite  size  in  the  draw  direction  at  high  draw  ratios,  by  the 
shift  to  higher  temperature  and  smaller  loss  peak  for  the  amorphous  Tg  tran¬ 
sitions  (recorded  by  dynamical  mechanical  analysis)  by  the  increase  in  melting 
temperature  for  the  drawn  sample,  and  by  the  lack  of  formation  of  a  double 
peaked  thermogram  with  annealing  for  the  highest  draw  ratio. 

The  amorphous  regions  have  been  found  to  orient  more  quickly  at  draw  ratios 
up  to  4  with  the  crystalline  regions  completing  the  majority  of  their  orien¬ 
tation  by  a  draw  ratio  of  12.  Results  are  consistent  with  a  model  of  fibers 
that  have  been  formed  by  the  drawing  out  of  lamellae  at  lower  draw  being  brought 
into  registry  to  form  thicker  crystals  at  the  highest  draw  ratios.  The  for¬ 
mation  of  the  double  peak  in  the  thermogram  up  to  draw  ratios  of  21  on  annealing 
at  a  temperature  well  below  the  peak  melting  temperature  indicates  that  a  criti¬ 
cal  parameter  in  the  origin  of  this  effect  is  the  breadth  of  the  thermogram  for 
the  unannealed  state. 
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FIGURE  CAPTIONS 


FIGURE  1:  Chain  orientation  on  uniaxial  draw  by  birefringence.  A,  and  crystal 

orientation,  f  . 

c 

FIGURE  2:  Chain  models  for  crystalline  and  amorphous  regions  as  a  function 

of  extrusion  draw  ratio,  EDR. 

FIGURE  3:  The  tensile  loss  tangent,  tan  6 ,  as  a  function  of  temperature 

for  a  sequence  of  draw  ratios. 

FIGURE  4:  The  tensile  Young's  modulus  increase  with  extrusion  draw  ratio 

for  PEO. 

FIGURE  5:  DSC  data  for  PEO  drawn  to  a  series  of  extrusion  draw  ratios, 

dashed  lines;  followed  by  annealing  at  332°K,  solid  lines.  A  comparison 
is  made  with  a  high  density  polyethylene  deformed  to  an  extrusion 
draw  ratio  of  12. 
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